Although Drosophila melanogaster has been the subject of intensive analysis of polymorphism and divergence, little is known about the distribution of variation at the most distal regions of chromosomes arms. Here we report a survey of genetic variation on the tip of 3L in D. melanogaster and D. simulans. Levels of single nucleotide polymorphism in the most distal euchromatic sequence are approximately one order of magnitude less than that typically observed in genomic regions of normal crossing over, consistent with what might be expected under models of linked selection in regions of low crossing over. However, despite this reduced level of nucleotide variation, we found abundant deletion polymorphism. These deletions create at least three gene presence/absence polymorphisms within D. melanogaster: the putative G-protein coupled receptor mthl-8 (which is the most distal known or predicted gene on 3L) and the unannotated mRNAs AY060886 and BT006009. Strikingly, D. simulans is also segregating deletions that cause mthl8 presence/absence polymorphism. Breakpoint sequencing and tests of correlations with segregating SNPs in D. melanogaster suggest that each deletion is unique. Cloned breakpoint sequences revealed the presence of Het-A elements just distal to unique, canonical euchromatic sequences. This pattern suggests a model in which repeated telomeric deficiencies cause deletions of euchromatic sequence followed by subsequent ''healing'' by retrotranposition of Het-A elements. These data reveal the dominance of telomeric dynamics on the evolution of closely linked sequences in Drosophila.
T HE recognition that changes in gene number might be important material for evolution came very early in the history of genetics (Haldane 1932; Bridges 1935; Muller 1935) . Ohno (1967) went so far as to suggest that evolution by gene duplication was the most important factor in genomic evolution. Indeed, whole genome analyses have demonstrated conclusively that gene number often differs greatly between species (e.g., Adams et al. 2000; Holt et al. 2002) . Although gene copy-number variation is typically thought of as having a lower bound of one, surprisingly, some singlecopy genes (or gene families) that are present in most species in a clade, nevertheless, appear to be absent from others, raising questions about the functional consequences and population genetic mechanisms responsible for such patterns (Hahn et al. 2007) . Such interspecific differences must have their origin as intraspecific variation (Begun and Lindfors 2005; Greenberg et al. 2006; Wang et al. 2006; Begun et al. 2007a,b; Dopman and Hartl 2007) .
Duplications and deletions are thought to be more common in highly repetitive parts of the genome (e.g., Achaz et al. 2001) , raising the possibility that patterns of gene presence/absence variation in such regions may be related to their population genetic and genetic properties. However, the structural, functional, and evolutionary characterization of the repetitive sequences of eukaryotic heterochromatin, which populate the centromeric as well telomeric regions of chromosomes, have remained elusive. In spite of these difficulties, variation both within and between species in telomeric or subtelomeric regions appears to be the rule rather than the exception in plants (Broun et al. 1992) , worms (Caenorhabditis elegans Sequencing Consortium 1998), yeast (Winzeler et al. 2003) , and humans (reviewed in Vergnaud 1999) . Most telomeric variation seems to take the form of duplications and deletions (e.g., Winzeler et al. 2003) rather than the point mutations that are more common in other chromosomal locations. Thus the forces that create telomere variation may be different than forces acting on other parts of the genome.
Patterns of population genetic variation at the ends of Drosophila chromosomes are largely uncharacterized. The distal region of the Drosophila melanogaster X chromosome shows reduced levels of heterozygosity but relatively low levels of linkage disequilibrium (LD) (Begun and Aquadro 1995; Langley et al. 2000) . The analysis of the tip of the X chromosome has recently been extended to the subtelomeric sequences, which show rapid divergence, including high levels of insertions and deletions, low heterozygosity, and evidence of extensive recombination (Anderson et al. 2008 ). Here we report on an unusual case of gene presence/absence variation in D. melanogaster and D. simulans. These gene polymorphisms are located in the most distal region of chromosome arm 3L and are associated with large deletions of subtelomeric sequence.
MATERIALS AND METHODS
Fly stocks/sequencing: North American D. melanogaster isofemale lines used for our initial detection of mthl8 deletion polymorphism came from lines collected in California by the authors. African-extracted chromosome lines were derived from isofemale lines collected in Zimbabwe. A set of 50 North American D. melanogaster third chromosome extraction lines from Pennsylvania were kindly provided to us by Andy Clark; these lines were isogenic for chromosomes X and II. These lines were used for all sequencing, Southern blotting, and qRT-PCR experiments reported in the article. A sample of 30 inbred D. simulans lines derived from females collected in Winters, California (S. Nuzdhin) were used in Southern blot and PCR experiments. All polymorphism data sequencing was performed via sequencing of PCR products in both directions on an ABI 3700 sequencer. Raw data were analyzed using phred , and phrap . Sequences were then examined by eye using consed (Gordon et al. 1998) . Polymorphic sites in multiple alignments were verified using the MACE package of scripts (W. Gilliland, unpublished results). All primer sequences and locations are given in supplemental Sequence analysis: All alignments were done using either CLUSTALW 1.82 (Thompsonet al. 1994 ) and/or DIALIGN 2.2 (Morgenstern 1999 ) and were subsequently edited by hand. In all cases alignment was simple and without major ambiguity. All polymorphism and divergence statistics were estimated using software developed by A.D.K. Source code in Ruby is available upon request. Homology-based searching was performed using BLAT and the genome assemblies of D. simulans (droSim1) and D. yakuba (droYak1) are available from the University of California Santa Cruz (UCSC) genome browser. Most statistical analysis was performed using R, version 2.1 (http:/ /cran.r-project.org/). Composite likelihood estimation of the population recombination rate was performed using Ldhat, version 2.0 (McVean et al. 2002) .
Southern analysis: DNA preparations were performed using a scaled down version of the protocol of E. J. Rehm (BDGP: http:/ /www.fruitfly.org/about/methods/inverse.pcr.html). Individual flies were ground with a micropestle in a 1.5-ml microfuge tube with 40 ml of solution A (100 mm Tris-HCl, pH 7.5, 20 mm EDTA, pH 8.0, 100 mm NaCl, 0.5% SDS), incubated at 65°for 30 min and then mixed with 160 ml of solution B (1.43 m KC2H3O2, 4.29 m LiCl). Preparations were incubated for 10 min on ice and then spun for 15 min at maximum speed in a microcentrifuge. DNA was precipitated from the supernatant with 120 ml of isopropanol, washed with 70% ethanol, dried briefly ($5-10 min) at room temperature, and finally resuspended in 10 ml ddH 2 O.
Genomic DNA was digested to completion with HinfI, separated on 1.0% agarose/TBE gels, and transferred onto Nytran SuPerCharge (Schleicher & Schuell, Keene, NH) membranes via the alkaline method. The mthl8 probe ($900 bp) was PCR amplified from D. melanogaster or D. simulans depending on the origin of the target DNA, using the CG32475F7 and CG32475R7 primers (62°annealing temperature) and radiolabeled with ½
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PdCTP by random priming. Membranes were hybridized overnight at 60°and then washed twice at 55°.
qRT-PCR experiment: The purpose of our qRT-PCR experiment was to determine whether subtelomeric deletions affect transcription of nearby regions of the chromosome (cf. Beissmann et al. 2005) . A subset of Pennsylvania third chromosome extraction lines (n ¼ 16), that represented both deleted and nondeleted classes, was reared at 25°. White prepupae were collected, flash frozen in liquid nitrogen, and stored at À80°until RNA extraction. Total RNA was extracted from 10 prepupae using a Trizol prep (Gibco, Calsbad, CA). Two independent RNA preps were made for each line. RNAs were purified and DNased using the RNAeasy kit and the RNase-free DNase set available from QIAGEN (Valencia, CA). cDNA was synthesized using first-strand Taqman RT reagents (Applied Biosystems, Foster City, CA). SYBR green PCR mix (ABI) was used for detection of amplification products on an ABI PRISM 7700. Two genes were assayed, Lsp-1-g (the closest gene to mthl8) and Gapdh-1 (chromosome 2), which served as the control. Primers were designed using ABI's Primer Express software and are available upon request. Gapdh-1 primers were PCR tested for cross-amplification with its paralog; none was detected. For each combination of sample and primers, three replicate reactions were carried out (i.e., technical replicates). Additionally, two minus-RT controls, and two no-template controls were run for each sample. Melting curve analysis was performed at the end of each PCR run to verify product specificity. Statistical analysis was performed on C t measurements of Lsp1g that had been normalized against the housekeeping gene Gapdh-1 (i.e., the D-D-C t method; Livak and Schmittgen 2001) .
RESULTS
Presence/absence polymorphism of mthl8 in D. melanogaster: The subtelomeric gene mthl8 was initially identified as a putative candidate for presence/absence polymorphism in D. melanogaster populations serendipitously, through hybridization of population samples of D. melanogaster genomic DNA to cDNA arrays (C. Meiklejohn, personal communication). Our PCR analysis of the mthl8 coding region from a California sample of D. melanogaster extracted third chromosomes strengthened the idea that the gene is missing from some chromosomes, as 5 of 21 third chromosome lines repeatedly failed to amplify. Given that PCR failure could result from variants in primer annealing sites as well as from gene presence/absence variation, we used Southern analysis to conclusively determine whether chromosome lines that failed to PCR amplify nevertheless contain a copy of the gene. These genomic Southern blot experiments confirmed that all PCR failures result from deletion of mthl8 coding sequence (data not shown). We then used PCR and Southern analysis on a second, larger sample of extracted third chromosome lines from the Pennsylvania sample, which showed a slightly higher frequency of deleted chromosomes (18/ 50) relative to the California sample. An analysis of 20 African third chromosome extraction lines revealed that mthl8 presence/absence variation is not restricted to cosmopolitan populations, as 5 of 20 lines showed no evidence of mthl-8 coding sequence.
Presence/absence variation of mthl8 in other Drosophila: Given the mthl8 presence/absence polymorphism in D. melanogaster, we were interested in establishing the phylogenetic distribution of the locus. We screened 30 inbred lines of D. simulans, again using PCR and Southern blots, and found 8 of the 30 lines to be homozygous for deletion of mthl8. One of the lines screened for mthl8 deletion, sim6, was part of the recent effort to carry out light shotgun sequencing on a number of D. simulans genomes (http:/ /www.dpgp.org, Begun et al. 2007b) . As expected from PCR and Southern results, in silico homology-based searches showed no evidence of the mthl8 coding region in the sequenced genome. However, unique flanking sequence with homology to D. melanogaster could be identified near the tip of 3L. These data demonstrate that D. simulans is also polymorphic for the presence of mthl8.
A BLAT search of the mthl8 protein against the April 2004 assembly of the D. yakuba genome (http://genome. ucsc.edu) provided no good evidence of an ortholog on 3L, but did point to a genomic region (chr 3L: 338,820-342,024) containing a clear ortholog of mthl10, a diverged paralog of mthl8. In D. pseudoobscura however there is an annotated ortholog, GA16932 (November 2004 assembly). Thus the gene was likely present in the last common ancestor of D. melanogaster and D. pseudoobscura, which suggests it has an important function in at least some lineages.
Analysis of mthl8 deletion breakpoints in D. melanogaster: We used a collection of amplification primers spaced throughout the tip of 3L to coarsely map deletion breakpoints (Figure 1 and supplemental Table  1 ). Amplification of some products and not others for individual deleted chromosomes provided map information with respect to the presence of ''canonical'' sequence as inferred from the D. melanogaster reference sequence. Note that the dense spacing of PCR primer pairs typically resulted in a contiguous set of failed primer pairs, which strongly supports the deletion hypothesis. A striking diversity of breakpoints was observed, some of which suggest the presence of deletions of .40 kb of euchromatic sequence (Figure 1) .
In an effort to sequence across deletion breakpoints, we designed forward PCR primers against known telomeric sequences (HeT-A and TART) and reverse primers from the most distal, unique euchromatic region of 3L that, on the basis of our PCR mapping, would amplify for a given strain. PCR reaction conditions for these experiments were optimized for extremely long products. Successfully amplified products were sequenced directly. In all, we were able to sequence across 7 of the 18 deletions in our sample. Figure 2 presents a schematic of the structure of deletion breakpoints from three chromosomes. These three chromosomes are representative of the two broad classes of deletions we observed, complete deletions of mthl8 and partial deletions of mthl8. Partial deletions were originally identified via Southern blotting because our probe sequence did not cover the 39 portion of the coding sequence. Some of the larger deletions also remove one or two unannotated mRNAs (BT006009 and AY060886), both of which have been recovered as full-length cDNA inserts. Thus the largest deletions may be removing three single-copy genes from the genome.
Interestingly, in each deleted chromosome, euchromatic sequences directly abut HeT-A retrotransposons. HeT-A elements are known to be telomere specific in their genomic distribution (Rubin 1978; Karpen and Spradling 1992; Levis et al. 1993 ) and have been shown to ''heal'' broken chromosome ends through transposition (Beissmann et al. 1990 (Beissmann et al. , 1992 . Thus, these segregating deletions may represent independent terminal deletions that were healed by HeT-A transposition. Furthermore, these data suggest that D. melanogaster deletions are likely to be independent from D. simulans terminal deletions rather than ancient variants that were segregating in the common ancestor.
Population genetic variation at the tip of 3L: The extensive deletion polymorphism in the subtelomeric region of 3L was surprising given the fact that cytological section 61A is thought to be a region of reduced crossing over in D. melanogaster (Ashburner 1989) . To further investigate the distribution of variation in the region, we obtained polymorphism data from Pennsylvania chromosomes for four loci in the mthl8 region (see Figure 1) . Table 1 shows the results from this survey. Average heterozygosity at the tip of 3L (mean u p ¼ 0.0012, mean u W ¼ 0.0015) is about an order of magnitude lower than that observed in regions of normal recombination in D. melanogaster populations (Andolfatto 2001 ). This pattern is consistent with the reduced levels of variation that have been observed earlier in areas of low crossing over in D. melanogaster populations (e.g., Aguade et al. 1989; Aquadro 1991, 1995; Berry et al. 1991; Langley et al. 1993 Langley et al. , 2000 . A general picture of divergence at the tip of 3L can be outlined using a comparison of the current D. melanogaster and D. simulans assembly (dm3 and droSim1) alignments that have been done as part of a 15-way multiz alignment available at UCSC (http:/ /genome. ucsc.edu). Using the mafNets that underlie this track, we find that in the 50-kb region surrounding mthl8 (chr 3L: 2903-52,902), $89% of bases are aligned after accounting for repeat masking. Using the droSim1 assembly from UCSC, D. simulans orthologs of mthl8 and Lsp1g regions used in our polymorphism resequencing survey could be found, but no obvious D. simulans orthologs of the intergenic f25 and f72 loci were detected, which suggests an unusually high rate of indel divergence in this genomic region, similar to what was observed in the subtelomeric sequence of the X chromosome (Anderson et al. 2008) . The conservation track in Figure 1 demonstrates this visually. Jukes-Cantor corrected divergence per nucleotide site is $0.21. This number is at the high end of sequence divergence between D. melanogaster and D. simulans, and should be treated cautiously, as sequence assembly at the tips of Drosophila chromosomes is difficult. Nevertheless, the high divergence suggests that reduced nucleotide polymorphism in D. melanogaster is not explained by reduced neutral mutation rates. Values of Tajima's D statistic (Tajima 1989) show no evidence for a strong skew toward rare alleles, as might be expected under a hitchhiking model (e.g., Braverman et al. 1995) .
Remarkably, these data suggest that the high level of deletion variation is physically distal to a region of severely reduced nucleotide heterozygosity. Given this, it is of interest to ask whether chromosomes belonging to the ''deleted'' class are in any way distinct from nondeleted chromosomes in terms of the distribution of nucleotide variation. Table 1 shows polymorphism summary statistics from the surveyed loci for deleted and nondeleted chromosomes. Levels of polymorphism are not significantly different between the classes of chromosomes (Wilcoxon rank-sum tests, u p P-value ¼ 0.6531; u w P-value ¼ 0.6579). Thus, deleted chromosomes do not appear to constitute a distinct subset of the population sample.
Patterns of linkage disequilibrium between the deletions and segregating sites in the region are presented in Figure 3 , which displays a diagonal matrix of significance levels of nonrandom association between polymorphic sites. Little linkage disequilibrium is seen in the region, both between deletions and SNPs, as well as among SNPs. All Fisher's exact tests of association between deletions and SNPs had a nonsignificant P-value. (1) The positions of PCR markers used to map deletion breakpoints (black), (2) PCR markers also used to collect nucleotide polymorphism data (red; refer to Table 1 for locus names), (3) sequence determined to be present in numerous mthl8 deletion lines (black; line names in left-hand column), (4) protein-coding genes (blue), (5) D. melanogaster mRNAs (black), and (6) 12-way multiz alignment conservation scores (gray). Consistent with the pairwise analysis, composite likelihood estimates of the population recombination rate (4Nr; Hudson 1983; McVean et al. 2002) for the data shown in Figure 3 were $100, indicating a large amount of recombination in the history of the sample.
Transcriptional analysis of subtelomeric deletions: To test whether deletions affect transcript levels of the neighboring gene, Lsp1g, we performed qRT-PCR on white prepupae from 16 third chromosome extraction lines of D. melanogaster (8 deleted; 8 undeleted). While a significant line effect was found in our experiment (ANOVA, P , 0.00001), no effect of deletion was observed (ANOVA, P ¼ 0.128). This indicates that although deletions move Lsp1g closer to heterochromatic sequences near the telomere, there is no large effect on Lsp1g transcript abundance.
DISCUSSION
Large amounts of duplication and deletion polymorphism within and between species are characteristic of the telomeric and subtelomeric regions of plants, worms, Population refers to chromososme classes defined by presence/absence of mthl8. Locus is the locus surveyed. N is the number of alleles sampled. bp is the average length of the sequence within the sample. S is the number of segregating sites in the sample. H is the number of haplotypes observed. u p and u W are estimates of nucleotide polymorphism. Tajima's D is a measure of the site frequency spectrum; the lower and upper 95% confidence intervals were determined by 10 5 coalescent simulations without recombination and conditioned on the observed number of segregating sites. Table 1 . Gene exon structure is shown in blue, where both mthl8 and Lsp1-g can be seen. Lines extending down to the triangular matrix represent the positions of SNPs used in the analysis of LD. The matrix of squares represents the statistical significance determined by Fisher's exact test (uncorrected for multiple tests); white, P . 0.1; yellow, 0.05 , P , 0.1; red, P , 0.05. yeast, and humans (Broun et al. 1992; Caenorhabditis elegans Sequencing Consortium 1998; Vergnaud 1999; Winzeler et al. 2003) . The data reported here and in Anderson et al. (2008) show that Drosophila, too, can be added to the list of organisms harboring extensive variation near the tips of chromosomes. The unique repetitive structure of telomeres, which plays a role in replicating the ends of linear chromosomes, is likely to be responsible for this extensive brand of genetic variation. Remarkably, levels of nucleotide heterozygosity in the euchromatic sequence adjacent to the subtelomeric deletions were severely reduced compared to levels observed in regions of normal crossing over. A similar pattern was recently reported for the X chromosome (Anderson et al. 2008) . The fact that nucleotide divergence between species is typical (or slightly elevated) relative to that observed throughout most of the genome supports the idea that reduced nucleotide heterozygosity is a result of linked selection. Given the low rates of crossing over at the tips of Drosophila autosomes (Ashburner 1989) , one might expect relatively high levels of linkage disequilbrium in the surveyed region. However, we observed little correlation between segregating sites, or between segregating sites and indel polymorphisms, which is indicative of extensive recombination in our study region. This pattern is reminiscent of observations from the tip of the X chromosome (Begun and Aquadro 1995; Langley et al. 2000; Anderson et al. 2008) , where low levels of linkage disequilibrium in an area with demonstrably low levels of crossing over have been found. A possible explanation for this pattern is that genomic regions experiencing low crossing over experience relatively normal levels of gene conversion. The maintenance of duplication and deletion variation in subtelomeric regions could then be interpreted as a result of both a high mutation rate to new variants and a relatively high rate of exchange in these regions.
The observation of genes that have been maintained over evolutionary time, but are polymorphic within species, is interesting. This phenomenon has previously been observed in Drosophila, primarily at reproductionrelated genes (Begun and Lindfors 2005; Greenberg et al. 2006; Wang et al. 2006; Begun et al. 2007a,b) . In those cases, changes in selection pressures across lineages may leave certain genes susceptible to loss either by drift or natural selection. Here, given the unique chromosomal context of mthl8, it seems likely that a high mutation rate to deletion variants at the tip of chromosome arm 3L is a main contributor to the maintenance of the gene presence/absence variation. The fact that the same phenomenon is observed in D. melanogaster and the sister species, D. simulans, certainly supports the view that the genetic properties of the tip of 3L are important. It is interesting to note that crude PCR surveys of the most distal euchromatic gene sequence of chromosome arm 3R (map205) provided no evidence of common deletions (data not shown), suggesting that genetic and/or population genetic processes acting at tips of different Drosophila chromosome arms may be heterogeneous.
The selective forces acting on the deletion variants remain unclear and may very well be heterogeneous, depending on the extent of deleted sequence. Deletion variants may be maintained by mutation-selection balance, in which case the high frequency of deletions may be attributable to both a high mutation rate and weak selection. For example, the frequency of natural l(2)gl variants is surprisingly high (Golubovsky and Sokolova 1973 , Golubovsky 1978 , Green and Shepherd 1979 , although not nearly as high as the observed mthl8 deletion variants. Interestingly, many natural l(2)gl alleles are the result of terminal deletions of chromosome arm 2L (Mechler et al. 1985) , which suggests the possibility that the tip of chromosome 2L also experiences a high mutation rate to deletions (Walter et al. 1995) . Alternatively, deletions may be favored by natural selection, at least in some environments. Sokolova and Golubovsky (1979) found that l(2)gl heterozygotes had a viability advantage over wild type at both high and low temperatures. Indeed preliminary data suggest that the mthl8 deletion shows clinal variation in D. melanogaster (Turner et al. 2008) , which would be consistent with spatially varying selection acting among D. melanogaster populations. Finally, telomeric variants could plausibly be associated with meiotic phenotypes affecting their fitness.
Telomeric dynamics may create a situation in which the spatial distribution of genes of large fitness effect (e.g., ''essential'' genes) are excluded from some subtelomeres over evolutionary time, as a high rate of deletion of such genes should result in a significant fitness reduction. Thus, rearrangements that move an essential gene away from a subtelomere that experiences high deletion rates may be favored by natural selection.
